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Abstract Brain gray matter volume (GMV) reduction
has been reported in Parkinson’s disease (PD) with mild
cognitive impairment (PD-MCI) and in PD patients with
dementia (PDD) with cumulative evidence using voxel-
based morphometry (VBM). However, the findings of
these studies have not been entirely concordant. Whole-
brain VBM studies comparing PD-MCI with PD patients
without cognitive impairment (PD-NCI) and comparing
PDD with PD patients without dementia (PDND) were
systematically searched in PubMed and EMBASE data-
bases from January 1995 to December 2015. Coordinates
with significant differences were extracted from each
cluster. Meta-analysis was performed using AES-SDM to
quantitatively evaluate the GMV changes. Five studies
comparing 92 PD-MCI with 192 PD-NCI patients were
included in the PD-MCI vs. PD-NCI meta-analysis. Ten
studies with 168 PDD and 233 PDND patients were
included in the PDD vs. PDND meta-analysis. Compared
with PD-NCI, GMV reductions were observed in left
superior temporal lobe, left insula and left superior frontal
lobe in PD-MCI patients. Significant GMV reduction
were found in bilateral superior temporal lobe extending
to hippocampus, and left superior frontal lobe in PDD
patients comparing with PDND. Meta-regression of PDD
studies showed that disease duration was negatively cor-
related with GMV in the left superior frontal lobe. GMV
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reductions in the frontal-limbic-temporal regions were
main features of cognitive decline in PD. Unilateral-to-
bilateral development of GMV reduction in the frontal-
limbic-temporal regions is a possible indicator for PD-
MCI to PDD progression, whereas significant hippocam-
pal GMV reduction may not be a marker for early cog-
nitive decline in PD.

Keywords Parkinson’s disease dementia (PDD) -
Parkinson’s disease with mild cognitive impairment (PD-
MCI) - Voxel-based morphometry - Signed differential
mapping - Gray matter volume - Meta-analysis

Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative illness marked by typical motor features
as well as non-motor symptoms. Cognitive decline, ranging
from mild cognitive impairment (MCI) to dementia, is
frequently observed in PD patients [1]. Parkinson’s disease
with mild cognitive impairment (PD-MCI) was reported in
more than 60 % of PD patients and Parkinson’s disease
dementia (PDD) was found in 22-31.3 % of PD patients
[2—4]. Further, a prospective longitudinal study reported
that 36 % of PD patients had mild cognitive impairment
and an additional 48 % met the diagnostic criteria for PDD
within 15 years [5]. It has been suggested that PDD
patients have increased health care burden, declined quality
of life and increased mortality, which highlight the
importance of PDD prediction [6]. Since PD-MCI is a
widely accepted risk factor for PDD [7], methods quan-
tifiably evaluating small changes in PD-MCI and PDD are
needed to better understand the underlying neuropatho-
logical process.
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Various neuroimaging techniques have been proposed to
study the neuropathological basis of cognitive impairments in
PD patients [2, 8-10]. Voxel-based morphometry (VBM), a
processing method that can identify subtle morphological
changes in the whole brain, has been commonly used to
evaluate gray matter volume (GMV) abnormalities in PD
patients with cognitive impairments. Previous VBM studies
on GMV of PD-MCI patients have illustrated gray matter
(GM) atrophy in bilateral temporal lobes and caudate nucleus,
left frontal lobe, left insula, left parahippocampal gyrus and
left precentral gyrus relative to PD patients without cognitive
impairment (PD-NCI), defined as PD patients who did not
meet diagnostic criteria for PD-MCI [11-13], whereas in
VBM studies comparing with PD patients without dementia
(PDND), defined as PD patients who did not meet PDD
diagnostic criteria, GMV abnormalities were found in more
widespread regions in PDD [2, 14-16]. However, the results
of the studies were inconsistent in comparisons of PD-MCI vs.
PD-NCI as well as PDD vs. PDND. In PD-MCI and PDD
patients, GMV reduction in temporal lobe was frequently
reported, but the side and regions involved differed between
studies [11, 15-19]. Some PDD studies demonstrated GM
atrophy in hippocampus [14, 15, 20], whereas some other
studies did not recognize such changes [11, 18]. Moreover, the
differences in GMV abnormalities between PD-MCI and
PDD were rarely discussed. Therefore, a meta-analysis is
essential to identify consistent GMV changes in PD-MCI and
PDD relative to PD-NCI and PDND patients, respectively.

Anisotropic effect size-based signed differential map-
ping (AES-SDM) is an updated quantitative voxel-based
meta-analytic technique for meta-analyzing studies on
differences in brain structures that used various neu-
roimaging methods [21, 22]. This signed differential
mapping (SDM) technique has been successfully applied in
VBM studies on GMV of PD and other neurological dis-
orders [23, 24]. One previous voxel-wise meta-analysis on
GMYV reduction in PDD relative to healthy controls (HC)
found significant GMV reduction in bilateral medial tem-
poral lobe and right caudate [25]. However, this study did
not specifically differentiate the possible influence of
background PD pathologies. We conducted the current
meta-analysis using AES-SDM technique by comparing
PD-MCI vs. PD-NCI and PDD vs. PDND separately to
minimize the effect of predisposed PD-related GMV
changes.

Methods
Data source

We conducted systematic searches of the PubMed and
EMBASE database from January 1995 to December 2015

using the combination of the following keywords:
(“Parkinson’s disease dementia” OR “PDD” OR
“Parkinson’s disease with mild cognitive impairment” OR
“PD-MCI”) and (“voxel*” OR “VBM” OR “morphom-
etry”). Reference lists of relevant articles were searched for
additional studies.

Study selection and data extraction

Studies were considered for inclusion if they (1) reported
the VBM results of GMV from a comparison either
between PD-MCI and PD-NCI patients or between PDD
and PDND patients; (2) reported whole-brain changes of
GMV in a standard stereotactic space [Talairach or Mon-
treal Neurological Institute (MNI)] with three-dimensional
coordinates (x, y, z); (3) used significance thresholds that
were corrected for multiple comparisons or uncorrected
with spatial extent thresholds; (4) published in English or
Chinese; and (5) within one comparison pair, of the studies
from one research population, the study with the largest
sample size and the most comprehensive data was inclu-
ded. Studies were excluded if (1) the PD-MCI or PDD
group was only compared with HC group; (2) the PD-MCI
or PDD group was compared with AD or DLB patients; (3)
the stereotactic coordinates of the reported GMV changes
were not obtained even after corresponding with the
authors by email. Study selection and data extraction were
performed in a standardized form by two authors (Yaqgian
Xu and Jing Yang) independently. In cases of disagree-
ments, a third opinion (Huifang Shang) was obtained.

Voxel-based meta-analysis of VBM studies

The voxel-based meta-analysis was performed on the
included studies using the AES-SDM software (version
4.31, http://www.sdmproject.com) to compare GMV
alterations between two comparison pairs: PD-MCI vs. PD-
NCI and PDD vs. PDND. The analytical processes were
referred to the AES-SDM tutorial and guidelines [22]. To
preprocess the input data, all coordinates were first con-
verted into MNI space and were convolved with a Gaussian
kernel to account for spatial error using a relatively wide
full-width at half-maximum (FWHM = 20 mm) [22].
After effect size signed maps of the differences in GMV
were created, the mean map was calculated representing
the weighted mean regional difference in GM. The statis-
tical threshold was set to P < 0.005 (cluster >30 voxels).
Additional jackknife sensitivity analysis was carried out to
assess the robustness of the results across studies.

Further meta-regression analyses were conducted in the
PDD-PDND comparison, to explore the correlation
between clinical variables (such as age, disease duration,
education, MMSE and UPDRS III) and GMV changes. We
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used a voxel threshold of P < 0.0005 and a cluster-level
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Fig. 2 Gray matter atrophy in PD-MCI relative to PD-NCI patients
(a) and PDD relative to PDND patients (b); PD-MCI Parkinson’s
disease with mild cognitive impairment, PD-NCI Parkinson’s disease

PDD < PDND

In the PDD vs. PDND comparison, a total of 168 PDD
patients and 233 PDND patients from 10 studies were
involved. The characteristics of the participants and the
technical details of the studies are summarized in Table 2.
All of the included studies reported GM atrophy in PDD
patients relative to PDND patients. As illustrated in Fig. 2b
and Table 3, significant GMV reduction were found in the
following regions: bilateral superior temporal lobes
extending to hippocampus, insula and inferior frontal lobe,
and the left superior frontal lobe. Two of the included
studies compared PDD patients with PD patients with
normal cognition [12, 26], but the results remained largely
unchanged in all combinations of the jackknife sensitivity
analyses.

Meta-regression

In the PDD-PDND comparison, meta-regression analysis
was conducted in nine studies because demographic data of
PDD patients was not available in one study [20]. We
found in the PDD-PDND comparison that disease duration
is negatively associated with GMV in the left superior
fontal lobe (Fig. 3). Meta-regression analysis showed that
there were no significant associations between GMV
reduction and age or MMSE scores in PDD. The associa-
tion between GMV reduction and education, UPDRS III
scores and Hoehn and Yahr stages were not performed by
meta-regression analysis because less than nine of the
included studies reported original data.

with no cognitive impairment, PDD Parkinson’s disease dementia,
PDND Parkinson’s disease patients who did not meet PDD diagnostic
criteria

Discussion

By conducting this meta-analysis, we found significant
GMV alterations in the frontal-limbic-temporal regions in
the PD-MCI vs. PD-NCI comparison and the PDD vs.
PDND comparison. GMV reduction in PDD patients
involved a broader region including bilateral temporal
lobe, insula, hippocampus and left frontal lobe, whereas, in
PD-MCI patients, only the left side of temporal lobe, insula
and frontal lobe were involved. These findings illustrated a
strong association between frontal-limbic-temporal regio-
nal GM atrophy and PD cognitive decline. In addition, the
differences between PD-MCI and PDD may represent a
pathophysiological progression pattern in PD.

GMV reduction in superior temporal lobe, inferior
frontal lobe and insula was observed in the PDD vs. PDND
comparison as well as in the PD-MCI vs. PD-NCI com-
parison. These regions are functionally related with human
auditory process, facial recognition, social cognitive pro-
cess, emotional feelings and linguistic integration [27-30].
GMV alteration in these regions could contribute to the
lexical and sematic function impairment as well as
depression and apathy that were often present in PD
patients with cognitive impairment [31].

In the current meta-analysis, GM atrophy in the left
superior frontal lobe was identified in both PD-MCI vs.
PD-NCI and PDD vs. PDND comparisons. Frontal GMV
reduction has also been observed in both PDD and DLB
patients in a study comparing PDD with DLB, indicating a
shared Lewy body pathology in this region [32]. Moreover,
in the PDD vs. PDND comparison, GMV decreased
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Table 3 Gray matter volume reductions in PD-MCI relative to PD-NCI patients, and in PDD relative to PDND patients

Regions No. of  Maximum MNI Z value P value Clusters’ breakdown Jackknife
voxels  coordinates (no. of voxels) sensitivity analysis
X Y V4
PD-MCI < PD-NCI
L temporal lobe/ 4548 —48 0o -12 -=-2976 O L insula (1516) 5 out of 5
insula/inferior L superior temporal lobe (1405)
frontal lobe L inferior frontal lobe (1014)
L middle temporal lobe (466)
L parahippocampal gyrus (94)
L inferior temporal lobe (53)
L superior frontal 116 —16 52 24 —1.746  0.000313 L superior fontal lobe (103) 4 out of 5
lobe/middle frontal L middle frontal lobe (13)
lobe
PDD < PDND
R superior temporal 5264 56 2 —14 -=-3404 O R insula (1935) 10 out of 10
lobe/middle R superior temporal lobe (1578)
;iz:ﬁ;;ﬁpﬁi:mpus / R inferior frontal lobe (915)
inferior frontal lobe R middle temporal lobe (450)
R hippocampus (386)
L superior temporal 731 —-34 6 0 —2.283 0.00079 L insula (420) 10 out of 10
lobe/middle L superior temporal lobe (227)
temporal lobe/insula L middle temporal lobe (68)
L inferior frontal lobe (16)
L anterior cingulate 69 -8 36 28  —2.265  0.00089 L anterior cingulate gyrus (47) 8 out of 10
gyrus/superior L superior fontal lobe (22)
frontal lobe
L parahippocampal 67 22 —44 —4  —=2.238 0.00101 L parahippocampal gyrus (51) 8 out of 10

gyrus

L lingual gyrus (13)
L hippocampus (3)

L left, R right, PD-MCI Parkinson’s disease with mild cognitive impairment, PD-NCI Parkinson’s disease with no cognitive impairment, PDD
Parkinson’s disease dementia, PDND Parkinson’s disease patients who did not meet PDD diagnostic criteria

significantly in the left anterior cingulate gyrus, where the
greatest concentration of Lewy bodies was found in PD
patients [33, 34]. Since we found a significant association
between PD disease duration and GMV reduction in the
left superior frontal lobe in PDD patients, PD duration-
related Lewy body accumulation in this region was indi-
cated. In addition, Nagano-Saito et al. suggested that
frontal volumetric reduction was associated with deficits in
executive function, which were common features of early
cognitive decline in PD [14]. Therefore, GMV reduction in
the left superior frontal lobe, related with Lewy body
pathology, could serve as an early marker to PD cognitive
decline.

An interesting progression pattern, from left (PD-MCI)
to both sides (PDD), was indicated by our results. GMV
reductions in the left temporal lobe, inferior frontal lobe
and insula were significant in PD-MCI vs. PD-NCI

comparison, whereas bilateral reductions were found in
PDD vs. PDND comparison. In addition, only GM atrophy
in the left superior frontal lobe was observed in both PD-
MCI vs. PD-NCI and PDD vs. PDND comparisons.
However, according to the jackknife sensitivity analysis of
the PDD vs. PDND comparison, in the combination where
the Melzer study was not included [26], GMV reduction in
the right superior frontal lobe was also significant. Thus,
this indicated a similar left to bilateral progression from
PD-MCI to PDD in the superior fontal lobe. This trans-
formation from left to both sides and our result that all
regions of GMV reduction reported in PD-MCI were also
present in PDD further supported the hypothesis that PD-
MCI is a prototype of PDD [35, 36]. One possible expla-
nation to this pattern is that it resembled a similar pattern in
the MCI to AD process. However, while one study sug-
gested left side involvement in MCI and more general
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Fig. 3 Sagittal and transversal sections for gray matter volume
reduction associated with disease duration in PDD vs. PDND
comparison; PDD Parkinson’s disease dementia, PDND Parkinson’s
disease patients who did not meet PDD diagnostic criteria

atrophy in AD [37], other AD studies did not recognize a
similar pattern [38, 39]. Another assumption regarding this
progression pattern is related with PD pathology. The
unilateral-to-bilateral development of GM atrophy in PD
cognitive decline might be a unique feature related to the
unilateral-to-bilateral progression of PD motor symptoms
and dopaminergic pathology [40]. However, since side of
motor symptoms onset or dominant side was not provided
in the included studies, further investigation is required.
Similar with prior VBM meta-analysis comparing PDD
patients with HC [25], we found hippocampal GMV
reduced significantly in the PDD vs. PDND comparison.
This finding is consistent with studies using other neu-
roimaging methods including ROI studies [41, 42]. Also,
Zarei et al. used a relatively more sensitive cortical thin-
ning approach and identified hippocampus volume as
having 80 % accuracy for the identification of PDD
patients [43]. Comparing with AD studies, hippocampal
atrophy in PDD patients closely resembles the typical
neuroanatomical changes in AD [38, 44] and was com-
monly interpreted as AD type pathology that coexisted in
PDD patients [45]. Interestingly, hippocampal GMV
reduction was not significant when comparing PD-MCI
with PD-NCI, which was different from AD as they often
present with significant hippocampal atrophy in the MCI
stage [46]. This may be interpreted as hippocampal atrophy
being a gradual progressive process in the cognitive decline
of PD. A 25-month longitudinal study on PD cognitive

@ Springer

decline showed that PDD patients had more significant
hippocampal GM atrophy than PDND patients when
compared with baseline correspondingly, suggesting a
progressive volume reduction of hippocampus associated
with PDD [47]. In addition, Ibarretxe-Bilbao et al. found
that the neurodegeneration process in PD patients starts in
hippocampal head and then spread to tail [48]. Combined
with our finding of meta-regression analysis, hippocampal
GMV reduction is not an early marker for predicting
cognitive decline in PD.

Contrary to our expectation, GMV reduction was not
significant in the occipital lobe, which was suggested to be
related with PD cognitive decline in two of the included
studies [16, 49]. In these two studies, significant decrease
in occipital GMV was reported on the left and on the right
side, respectively, which might lead to the insignificance in
results. In addition, occipital GM atrophy in PDD was
explained by visual hallucination that presented in many
PDD patients [16, 50]. When the study results were
adjusted for hallucination as a confounding factor, like in
the Goldman study [20], our findings could also be affec-
ted. However, in our sensitivity analysis, occipital GMV
reduction was still not significant when the Goldman study
was not included in the PDD vs. PDND analysis. Similarly,
we did not find significant GMV reduction in the parietal
lobe in the PDD vs. PDND analysis or in the sensitivity
analysis. GMV reduction was reported in four of the
included studies, but the side and regions reported varied
between studies [11, 12, 16, 17]. Parietal lobe abnormality
was also reported to be associated with visual hallucination
in PD patients, which may increase the risk for PDD [20,
50]. Future studies focusing on the association between
specific brain region GMV reduction in PDD patients and
impairment in functional domain are needed to better
predict cognitive decline by neuroimaging methods.

Limitation

It is important to note that our meta-analysis has several
limitations. First, all of the included studies were cross-
sectional studies. Longitudinal cohort studies are required
to further understand the neuropathological progression of
cognitive decline in PD. Second, the present meta-analysis
is based on publications that reported coordinates and the
data acquired by contacting the corresponding authors,
unpublished studies and studies in languages other than
English or Chinese were not included. Third, the method-
ological differences of VBM studies, including differences
in pre-processing protocols, smoothing kernels, and sta-
tistical thresholding methods, cannot be ruled out entirely.
Also, the diagnostic criteria for PDD and PD-MCI were not
consistent in the included studies, which could affect the
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results. However, the results remained largely unchanged
when the study with different diagnostic criteria was
excluded in the sensitivity analysis. The number of studies
included in both comparisons was limited, but our findings
are considered robust because almost all of the studies
contributed to the results. We found a unilateral-to-bilateral
progression pattern of GMV reduction in the frontal-lim-
bic-temporal region, but were unable to analyze its asso-
ciation with side of motor symptom onset in PD due to
limited data from the included studies. In addition, because
most of the included studies did not provide sub-scores for
individual domains of cognitive decline, we were unable to
analyze the association between functional domains with
regional GMV reductions in PDD.

Conclusion

In summary, the present meta-analysis not only identified
consistent GMV reductions in PD-MCI and PDD patients,
mainly located in the frontal-limbic-temporal regions, but
also revealed morphological predictor for the progression
of cognitive decline in PD. Unilateral-to-bilateral devel-
opment of GMV reduction in the frontal-limbic-temporal
regions can be considered as a quantitative morphological
predictor for PD-MCI to PDD progression and further
advocate therapeutic interventions. Significant hippocam-
pal GMV reduction may also be a sign for the progression
from PD-MCI to PDD, but was not a marker for early
cognitive decline in PD. More longitudinal studies looking
into the pattern of morphological changes in PD cognitive
decline are necessary to reveal the underlying neu-
ropathological process of PD cognitive decline.
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